In the framework of all-electron density functional theory, we present a comparative study of the pure carbon and BC 3 compound nanotubes containing different kinds of topological defects (seven-, eight-and nine-membered rings) under uniaxial tensions. The formation energies of the topological defects for pure carbon nanotubes are significantly higher than those for BC 3 compound nanotubes. For both pure and compound nanotubes, sidewall defects by seven-and eight-membered rings become energetically preferred to form when the uniaxial strain approaches about 6.5%. In contrast, the total energy of the nanotube with a nine-membered ring defect is always much higher than the others. The formation mechanism of a Stone-Wales (5-7-7-5) defect in the pure carbon nanotubes is studied and we find that the barrier energy for the formation of a defect decreases monotonically with increasing strain.
Introduction
Carbon nanotubes (CNTs) have stimulated tremendous research interest in many scientific fields since Iijima first discovered them in the early 1990s [1, 2] . Many experimental and theoretical efforts have been devoted since these nanotubes were predicted to possess unique mechanical and electronic properties and to hold the promise of a variety of applications. Besides pure carbon nanotubes, carbon-based compound nanotubes such as BC 2 N [3] and BC 3 [4, 5] nanotubes have also been theoretically predicted and experimentally synthesized. It was found that doping carbon nanotubes with other elements like B or N can efficiently tailor their electronic and mechanical properties [6] , which might lead to some novel applications. Mukhopadhyay et al investigated 3 Author to whom any correspondence should be addressed. the electrochemical behaviour for Li insertion into borondoped multiwall carbon nanotubes via transmission electron microscopy (TEM) technique [7] . Using first-principles computations, Zhao et al studied the Li penetrating behaviour in perfect and defective BC 3 compound nanotubes and found that the existence of topological defects can significantly reduce the energy barriers for Li ion penetration [8] . Other physical properties of BC 3 nanotubes have been explored theoretically. For example, the formation energy of pure carbon nanotubes is greater than that of BC 3 tubes in this sense that it is easier to roll a BC 3 sheet into a tube rather than a graphene layer [9, 10] .
Recently, the topological defects in nanotubes have attracted a great deal of attention since they are formed during the production process of nanotubes. Generally speaking, defects in CNTs can be categorized into four groups [11, 12] : (1) topological defects (introduction of defect rings with sizes other than hexagons); (2) rehybridization defects (change of hybridization state of carbon atoms from sp 2 to sp 3 ); (3) incomplete chemical bonds at vacancies or dislocation sites; (4) doping with elements other than carbon (e.g. boron or nitrogen). Experimental observations have confirmed that topological defects such as 5-7-7-5 Stone-Wales defects [13] commonly exist in carbon nanotubes [11] . These structural defects may be triggered by ion irradiation [14] or external mechanical forces [15, 16] . Defects also play an important role in the large-scale structural transformation between different carbon nanostructures, e.g. the coalescence of fullerenes and fusion of carbon nanotubes [17, 18] . In the nanodevices constructed by nanotube networks, topological defects are naturally formed at the junction regions [19] . Design of such nanotube devices requires a thorough understanding of the structural and electronic properties not only for perfect nanotubes, but also for nanotubes with various defects and impurities. All of the previous studies have shown that the defects in nanotubes not only affect their strength and stiffness [20] [21] [22] [23] , but also their electronic [19] , optical and bonding characteristics. Hence, such effects needed to be understood thoroughly.
So far, previous studies focus on the S-W defects (sevenmembered rings) in pure carbon nanotubes and the employed computational methods range from first-principles approaches to empirical MD simulations, but less attention has been paid to the eight-membered and nine-membered ring defects in nanotubes. Moreover, little is known about the defect effect and mechanical behaviour of compound nanotubes. In the present work, we focus on the investigation of the critical values of tensile strain, which will trigger the seven-, eight-and nine-membered rings in pure C and BC 3 compound nanotubes using first-principles computations. Our results suggest that the formation energies of eight-and nine-membered rings are higher than that of seven-membered rings, while both sevenmembered and eight-membered rings can be triggered by sufficiently large tensile strain. It is also shown that B-doping can affect the mechanical properties of carbon nanotubes in an efficient way. Although the critical tensile strain (about 6.5%) of BC 3 nanotubes for the formation of seven-and eightmembered rings is almost the same as that of pure C nanotubes, the formation energy of such defect rings in boron-carbon compound tubes is much lower than that of the pure CNT. These scientific findings will be helpful for the understanding of mechanical properties of nanotubes with different kinds of structural defects and impurities.
Computational methods
In this work, to achieve reasonably accurate and reliable results, all-electron density functional theory (DFT) is adopted to investigate the mechanical behaviour of the BC 3 compound and pure carbon nanotubes with topological defects. The DFT calculations are performed using a DMol program [24] . The generalized gradient approximation (GGA) with exchangecorrelation potential parametrized by Wang and Perdew (PW91) [25] and the double numerical (DN) basis set [24] are used. The convergence criteria for the full geometry optimizations are set to 2 × 10 −3 a.u. for the gradient and displacement, as well as 10 −5 a.u. for the total energy.
Similar to previous work [8] , we choose the armchair (6, 6) C nanotubes (diameter ∼1 nm) and its analogue, the (3, 3) BC3 tubes [26] , to represent pure and compound nanotubes. Finite tube model containing 7.5 unit cells (with 180 atoms) is used, with 24 hydrogen atoms terminated at two ends. An individual ring defect (7MR, 8MR and 9MR, respectively) is created at the central region of the finite tubes. The structures of the entire finite-tube models for C and BC 3 tubes with different topological defects are shown in figure 1 . The structural details of the 7MR, 8MR and 9MR in a piece of C and BC 3 nanotubes are illustrated in figures 2 and 3, respectively. In this work, we focus on the mechanical behaviour of an individual defect. Thus, we choose the finite tube model instead of the supercell model to avoid the interaction between a defect and its periodic images within the supercell model. As an alternative, the end effect due to finite length of the tube model was introduced. Nevertheless, it is expected that, when the cluster or supercell is large enough, the obtained conclusions via the two approaches would be the same.
Starting from these structural models of either perfect or defective tubes, full geometry optimizations without any constraints are performed to achieve the initial configurations and total energy in the strain-free condition. Afterwards, uniaxial tensile strain up to 8% is gradually applied to the tubes by 0.5% in each increment step. Constraint of the two tube ends is employed to enable the tensile strains. Under each strain, the systems are fully relaxed and the total energies of the equilibrium structures are computed.
Results and discussions
Firstly, we optimize the initial perfect structure without geometry constraints to obtain the relaxed configurations of these nanotubes. The optimized structures of perfect carbon and BC 3 tubes and the same tubes with 7MR, 8MR and 9MR defects are shown in figure 1. Using the zero-strain perfect nanotubes as the reference states, the energy-strain relationship of both pure C and BC 3 compound nanotubes with different types of defects (perfect, 7MR, 8MR and 9MR) under tensile strain are computed and shown in figures 4 and 5, respectively. For all the systems considered, the total energy monotonically rises with increasing strain. This trend coincides with the results in [22] , where the energy curve increases with increasing tensile strain. For both C and BC 3 nanotubes, the energy-strain curves for perfect tubes and defective tubes with 7MR and 8MR cross each other at about 6.5%, while the curves for 9MR are almost parallel to that of 6MR in the loading range studied.
The defect formation energy can be defined as the difference between the total energies of tubes with defects and that of perfect tubes. The formation energies of different kinds of defects in C and BC 3 tubes at zero strain are summarized in table 1. For the finite tube models of 7.5 unit cells, the formation energies of the topological defects considered range from 4.35 eV (7MR) to 17.90 eV (9MR) for pure C nanotubes and from 3.58 eV (7MR) to 11.74 eV (9MR) for BC 3 compound nanotubes. Thus, the nanotubes with 9MR are always energetically less favourable than for the other two rings. As shown in figure 2 , the topological structure of an 8MR essentially corresponds to the circumferential combination of the S-W defect and a 9MR is made up of one circumferential rotation and two axial rotations, which make the nanotubes to be more complicatedly deformed. On the nanotube sidewall, two (three) additional 7MRs surrounding the 8MR (9MR) are found. The formation of a topological defect in BC 3 tubes is similar to that in the carbon tubes. Thus, only the sketch maps are shown in figure 3 . In order to check the finite-length effect of the structural models, we also considered two longer finite tubes with 9.5 and 11.5 unit cells. For 7MR and 8MR, the defect formation energies are not sensitive to the length of the finite tube models (the amplitude of changes is less than 0.5 eV), while the formation energy for a 9MR reduces from 17.9 eV to about 11 eV. After considering longer tube models, it is interesting to find that the formation energy of the defect ring is almost linear with the number of S-W defects. In addition, we have computed the formation energy of a 7MR in a finite graphene sheet (with 82 C atoms terminated by 24 hydrogen atoms) to investigate the curvature effect. The formation energy for a 7MR in a graphene sheet is 4.36 eV, compared to 4.35 eV for finite C (6, 6) tube with 7.5 unit cells and 4.05 eV for (6, 6) tube with 9.5 unit cells (see table 2 ). Thus, we suggest that the effects of tube radius and chirality are not significant and the present results for a (6, 6) tube should be qualitatively valid for all the other tubes.
Furthermore, for the same defects, the formation energy of the BC 3 compound tubes is always lower than that of pure carbon nanotubes, the difference being 0.77 eV for 7MR, 1.2 eV for 8MR and 6.17 eV for 9MR, respectively. This means that the incorporation of boron into carbon nanotubes can reduce the formation energy significantly, that is, B-C bonds are more likely to form than C-C bonds, and hence topological defects in boron-carbon compound nanotubes are more energetically favourable than in pure carbon nanotubes. However, this does not simply mean that the 90
• rotation of the C-B bond is easier than the C-C bond in a BC 3 nanotube. The kinetic process for the rotation of C-B or C-C bonds is mainly related to the height of the energy barrier to overcome.
We further discuss the formation of different defects in pure C and BC 3 compound nanotubes under tensile strain in terms of the total energy. The computed defect formation energies as a function of applied strain are presented in figure 7 . For 7MR and 8MR, the defect formation energy drops linearly with increasing tensile strain. For a given defect, the decline of pure C nanotubes is more rapid than in the BC 3 compound tube. Among all the defects, the formation energy for 8MR in a carbon nanotubes drops most quickly. As shown in figure 7 , the curve of formation energy for 7MR (8MR) intersect with the x axes at 6.7% (6.4%) and 6.6% (6.4%) for C nanotubes and BC 3 compound nanotubes, respectively. These results indicate that the energy of the defective tubes with 7MR or 8MR may become lower than that of the perfect tube under sufficiently large strain ( 6.5%). Hence, the defect transformation is energetically favourable and may occur if enough energy is supplied to overcome the energy barrier. Even 8MR may be induced. But the energy of the nanotube with 9MR defect is always higher than that of the perfect tube. Thus this kind of topological defect is always energetically unfavourable in the considered range of applied tensile strain.
One can define a critical strain for the formation of topological defects by the value at which the total energies of the defective and perfect nanotubes become comparable. The results of the critical strains for the formation of different defects are summarized in table 1. It is found that the critical strains for pure C nanotubes and BC 3 compound with 7MR or 8MR are all about 6.5%. This demonstrates that the effect of B-doping on the value of defect-triggering strain is not obvious.
To further examine the possible influence of finite-tube models on the critical strain for triggering the defects, we used a finite (6, 6) C tube of 9.5 unit cells with 9MR and computed the total energy as a function of uniaxial strain. We found that the curve for 9MR is still much higher than that for a perfect tube of the same length and there is no trend of crossing up to 6% strain, as shown in figure 6 . Therefore, although the specific values for the defect formation energy and activation barrier might rely on the length of the finite tube model, the qualitative conclusion we draw from the finite tube with 7.5 unit cells should still stand if larger computational models are adopted.
To further understand the defect formation mechanism, we study the formation of a seven-membered ring via examining the system with different rotational angle of the C-C bond. By fixing all other degrees of freedom and only changing the in-plane rotation angle of the C-C bond (with fixed bond length), we compute the total energy of the system as a function of the rotation angle under different representative tensile strains (3%, 6.5% and 8.0%, respectively). In this way, the activation energies and barrier energies for the formation of a seven-membered ring in both pure C nanotubes and BC 3 compound nanotubes can be obtained. The variations of the barrier energies under different uniaxial strains with respect to the rotational angle for (6, 6) carbon nanotubes are shown in figure 8 . With increasing tensile strain, the barrier energy decreases rapidly, which makes the formation of topological defects more energetically preferred. The tendency of the energy barriers is in good agreement with the previous results [15] . It has also been observed that the difference between the energy for an A-B bond located at 0
• and that at 90
• varies from positive values to negative values. Furthermore, at about 6.5%, the energy for A-B bonds located at 0
• is almost consistent with the energy at 90
• . The computed barrier energy at zero strain is about 10.0 eV, which is consistent with previous calculations [27] [28] [29] using the same rotational operation. It is noteworthy that the computed barrier height might be overestimated because the surrounding atoms in tubes are fixed during the calculations. So the more realistic barrier height should be lower if this factor is taken into account.
Summary
We have investigated systematically the energy status of pure C and BC 3 compound nanotubes with different kinds of topological defects under applied tensile strain by all-electron density functional theory based computations. It has been found that the critical strain that will trigger the formation of defects will decrease as the diameter of the defect ring increases. The barrier energy is reduced with increasing tensile strain. In addition, the total energy curves for pure C and BC 3 compound nanotubes with nine-membered rings will not intersect with those of the corresponding perfect tubes. This indicates that the formation of nine-membered ring defects is more difficult than the formation of other types of topological defects under different tensile strains.
